Abstract. In this paper, an improved nonlinear Active Noise Control (ANC) system is achieved by introducing an appropriate secondary source. For ANC system to be successfully implemented, the nonlinearity of the primary path and time delay of the secondary path must be overcome. A nonlinear Model Predictive Control (MPC) strategy is introduced to deal with the time delay in the secondary path and the nonlinearity in the primary path of the ANC system. An overall online modeling technique is utilized for online secondary path and primary path estimation. The secondary path is estimated using an adaptive FIR filter, and the primary path is estimated using a Neural Network (NN). The two models are connected in parallel with the two paths. In this system, the mutual disturbances between the operation of the nonlinear ANC controller and modeling of the secondary can be greatly reduced. The coefficients of the adaptive FIR filter and weight vector of NN are adjusted online. Computer simulations are carried out to compare the proposed nonlinear MPC method with the nonlinear Filter-x Least Mean Square (FXLMS) algorithm. The results showed that the convergence speed of the proposed nonlinear MPC algorithm is faster than that of nonlinear FXLMS algorithm. For testing the robust performance of the proposed nonlinear ANC system, the sudden changes in the secondary path and primary path of the ANC system are considered. Results indicated that the proposed nonlinear ANC system can rapidly track the sudden changes in the acoustic paths of the nonlinear ANC system, and ensure the adaptive algorithm stable when the nonlinear ANC system is time variable.
Introduction
Noise reduction can be achieved by two different techniques. The first is using passive technique, which is based on the absorption and reflection properties of materials. Passive technique can present excellent results for high frequency noise, but its low frequency performance is poor. The other technique is using active noise control (ANC), which is based on the principle of wave interference. A secondary source is introduced to generate anti-noise of equal amplitude and opposite phase with reference to the primary noise. Active noise attenuation is an attractive method to achieve good low-frequency noise (below 1 kHz) reduction. A popular adaptive filtering algorithm used in the ANC is the filter-x LMS (FXLMS) algorithm in a finite impulse response (FIR) filter [1] . FXLMS is popular because of its simplicity, robustness and relatively low computational load. The block diagram of a single channel ANC system based on FXLMS algorithm is shown in Fig. 1 . x(k) is the primary noise, e(k) is the error signal, H p (z) is the primary path transfer function, and w(z) is the adaptive control filter. u(k) is control signal, y(k) is the secondary signal, and H m (z) is the secondary path model. The FXLMS algorithm is an extension of the LMS algorithm for ANC system, which takes into account of the influence of secondary path transfer function H(z) [2] . The secondary path H(z) comprises the D/A converter, smoothing filter, power amplifier, secondary loudspeaker, acoustic path from the loudspeaker to error microphone, error microphone, anti-aliasing filter, and A/D converter [3] .
To design a practical ANC system, two important problems should be considered. Firstly, the secondary path may be time variable [3] . Secondly, the secondary path and primary path may exhibit nonlinear behaviors [4] . For a lightly damped mechanical system, the response changes of more than 6 dB in amplitude and 90
• in phase can occur near the natural frequency, because of a relatively small change in temperature [1] . If the phase difference for a particular frequency between the actual and the estimated model is more than 90
• , the ANC system can become unstable [2] . Therefore, it is very important that on-line modeling of the secondary path is estimated fast and precisely for an ANC system [1] [2] [3] .
The secondary path, H(z), may be estimated off-line prior to the operation of the ANC system. However, in some practical cases, H(z) can be time varying or nonlinear [5, 6] . For these cases, on-line modeling of H(z) is required to ensure the convergence of the FXLMS algorithm for the ANC system. A number of methods for online modeling of the secondary path H(z) have been proposed [7, 8] . These methods can be divided into two types [2, 3] . The first approach involves the injection of additional zero-mean white random noise into the ANC system, and utilizes a system identification method to estimate H(z). The auxiliary noise is uncorrelated with primary noise x(k). The second approach, called the overall modeling algorithm, using control signal u(k) to excite the secondary path model H m (z), employs an extended least squares technique to model H(z). A detailed comparison of these two on-line modeling approaches has been reported in [7] . The main drawback of on-line modeling of H(z) is the mutual disturbances between the operation of the ANC controller and the modeling of the secondary path. However, more adaptive filters can be introduced to overcome this problem [3] .
The multilayer perceptron neural network (NN) is used to control nonlinear plants [9] . The NN is a globalapproximated system, and the major problem in the NN-based ANC is its relatively slow learning (or convergence) process. To solve the problem mentioned above, several strategies can be adopted. One is the fast NN learning algorithm utilized in the control system [10] , and the other is the NN enhanced controller used in the ANC system [11] . In addition, the local approximate neural network, radial basis function (RBF) networks [12] or fuzzy neural networks (FNN) [13] , can be introduced to improve the performance of the convergence.
Recently, a model predictive control (MPC) technique has been introduced to the ANC system with on-line modeling techniques [14] . It can ensure the performances of adaptive control algorithm and the adaptive identification algorithm when both primary path and secondary path are linear and time-variable. In this paper, an MPC technique, using dynamic matrix control (DMC) is modified in the ANC system, whose primary path exhibits nonlinear behavior. An optimal technology is utilized to design the controller. NN is used to estimate the primary path and an FIR filter is used to estimate the secondary path H(z). An overall on-line modeling algorithm is adopted, and the NN and FIR filter are adaptively updated on-line by the extended LMS algorithm. This paper is organized as follows: Section 2 describes NN-based ANC system, and Section 3 describes the proposed DMC method for the nonlinear ANC system. Section 4 describes the adaptive DMC method with online the primary path and secondary path modeling. The NN-based FXLMS algorithm and the proposed nonlinear DMC algorithm are compared using computer simulations in Section 5. Finally, the conclusions are given in Section 6. 
Adaptive neural networks for nonlinear ANC system
An ANC system with nonlinear primary noise path is shown in Fig. 2 . The secondary path is modeled with a FIR filter. The ANC system can be described by the following equation:
where 
A single hidden layer NN is selected as nonlinear controller, W I is the link-weight vector between input layer and hidden layer and W O is the link-weight vector between hidden layer and output layer. The output of the NN stated in [15] , is given as:
where
is activation function of hidden neuron, and
T is the output vector of hidden neurons. The performance index can be described as:
The weight parameters can be adjusted according to the gradient descent method
where µ is the learning rate. Applying the chain rule to Eq. (6):
If the weights, W (k) are made to adapt slowly, the gradients of u in Eq. (7) can be approximately written as:
The gradient with respect to the weight W can be found in [15] , as follows:
The weight W of NN controller can be adjusted online using the update rule Eq. (6) to Eq. (10).
Dynamic matrix control (DMC) approach for nonlinear ANC system
The time delay is a fundamental difficulty of process control. Consideration of this problem led to the development of model predictive control strategy [16] . The model predictive control is introduced in [17] . In the model predictive control algorithm, a dynamic model of plant is used to predict the effect of future actions of the control variables on the output. The future moves of the control variables are determined by optimization with the objective of minimizing the predicted error. Using the updated information (measurements) from the plant, the optimization [17] is repeated at each sampling time interval.
The DMC approach for linear ANC system [14] can be improved to treat the ANC system with nonlinear primary path (Fig. 2 ). Similar to [14] , the performance objective is selected as follows:
where d(k + j |k ) = predicted value of d at time k + j based on information available at time k y(k + j |k ) = modeling predicted value of y at time k + j based on information available at time k a i =model step response coefficient of secondary path a s =stable value of step response coefficient of secondary path N =truncation order of secondary path n=truncation order of primary path P =horizon length d 1 =the time delay of the secondary path q=the time delay of the primary path M =number of control variable moves in the future(∆u(k + j) = 0, when j>M ; M <P ) R =weighting matrix A,B =Dynamic Matrices At time k, u(k) and ∆u 1 (k) are the available information. The M -step ahead incremental control variable moves vector, ∆u 2 (k), are selected to minimize the quadratic objective
at time k. Only the first coefficient of ∆u 2 (k) is required to be computed, and the control variable u(k) = u(k − 1) + ∆u(k) is implemented. At time k + 1, the computation is repeated with an increment of one time interval. From Eq. (13), one can find that the horizon length must be chosen as P q, since at time k, the predicted value of d at time k + P has not be obtained. In addition, the horizon length should be d 1 < P , where d 1 is the time delay of the secondary path. If the models are accurate, and there are no additive disturbances in the ANC system, the error e(k) can be manipulated to zero. However modeling error and additive disturbances always exist in the practical control systems.
The predicted values must be corrected by the measured error feedback:
where c is a correcting vector. After error feedback correction, the M -step ahead incremental control variable moves vector, ∆u 2 (k), becomes
Adaptive DMC approach for nonlinear ANC system
In the last section, the dynamic matrix control (DMC) algorithm for nonlinear ANC system is presented. The primary path and the secondary path are estimated off-line prior to the operation of the ANC system. For the secondary path off-line modeling, a zero-mean white random noise excitation signal can be generated by a computer. But the same excitation signal is difficult to obtain for the primary path modeling, because the reference signal sampled by the computer has passed through the reference microphone, anti-aliasing filter, and A/D converter. The precision of primary path modeling would be also degraded by the nonlinear influence. So the online modeling technique should be adopted to improve the performance of the nonlinear ANC system. Figure 3 gives the block diagram of the adaptive ANC system with online nonlinear primary path modeling, and the secondary path model has been estimated off-line. In Fig. 3 , the H m is the estimated impulse responses of the secondary path and f (X(k − q),W ) is the neural network model of nonlinear primary path. The coefficient vector of the NN can be updated as follows
where µ is the learning rate. The gradients in Eq. (24) can be found in Eqs (9) and (10). Comparing Eq. (24) with Eq. (6) to Eq. (10), one can find that the weight adaptive processes (in Eq. (24)) is independent with the secondary
. Block diagram of adaptive ANC system with online primary path modeling. path. Therefore, the secondary path does not degrade the convergence performance of the primary path modeling. The nonlinear adaptive control ANC system runs as follows:
x(k) d(k)
(1) At time k, the first coefficient of incremental control variable moves vector, ∆u 2 (k), is computed, and the instantaneous control variable u(k) = u(k − 1) + ∆u(k) is implemented. From Eq. (11) In the adaptive control algorithm, the dynamic matrices A, B and the inverse matrix in Eq. (23) can be computed off-line before the operation of the nonlinear ANC system since they are invariable when the adaptive nonlinear ANC system is running. The computing load of the adaptive algorithm is similar to that of the NN-based FXLMS algorithm when the nonlinear ANC system with DMC algorithm is running. When H(z) is time varying or x(k) exists, the on-line secondary modeling algorithm must be selected to ensure the convergence of the adaptive nonlinear ANC system. A model predictive algorithm for nonlinear ANC system with online secondary path modeling is proposed. The block diagram of proposed nonlinear DMC algorithm is shown in Fig. 4 .
This on-line modeling algorithm is similar to overall modeling algorithm. The impulse response coefficient vectors of the secondary path model and the weight vectors of NN model can be updated as follows:
where µ and η is the learning rates,
At first glance, the model predictive algorithm for nonlinear ANC system with on-line secondary path modeling is similar to the previous adaptive algorithm. But they are different in essence. The later algorithm is more complex than the other algorithm when the adaptive nonlinear ANC system is running. The adaptive control ANC system with online secondary path modeling runs as follows:
(1) At time k, the dynamic matrices A, B and the inverse matrix in Eq. (23) is computed, and the first coefficient of incremental control variable moves vector, ∆u 2 (k), is computed. After that, the instantaneous control variable u(k) = u(k − 1) + ∆u(k) is implemented. In Eq. (11) (2) At time k + 1 the computation is repeated with the horizon moved by one time interval. Unlike former algorithm, the dynamic matrices A, B and the inverse matrix in Eq. (23) are computed on-line and iteratively with the operation of the ANC system in this adaptive control algorithm. The computing load of the adaptive algorithm is heavier than that of the previous algorithm, especially when the number of control variable moves in the future, M , is large. This is the cost of having on-line secondary path modeling.
Computer simulations
In this section, some illustrative results are presented to compare the performances of the neural network based nonlinear ANC systems and the DMC based nonlinear ANC system. A personal computer with Pentium 1.8 GHz processor and a DRAM of 256 MB is used to implement the simulations. The sampling frequency used for this simulation is 1,000 Hz. The disturbance signal is chosen to be a 100 Hz pure tone signal plus a Gaussian white noise signal, which can characterize a general noise model. For example, this model can characterize the fan noise. The rotation of fan generates tone signal, and the turbulence flow generates white noise signal. The adaptive filter model of secondary path, H m (z), is selected as a 4-taps FIR filter, and the NN architecture used is 3-2-1. The models in the NN-based FXLMS algorithm are the same as the model in the DMC based algorithm. A nonlinear active noise control example is selected, and the responses of the acoustic path, which are similar as in [4] , are chosen as follows:
The primary acoustic path is selected as
The secondary acoustic path from secondary source to error microphone is
The secondary path has a zero at z = −2, which is outside the unit circle and a 1-sample delay is used. which resulted in a nonminimum-phase system. It contains the main characteristics of the real secondary path. Computer simulations are carried out to compare the performance of proposed the DMC based nonlinear ANC system and the neural network based nonlinear FXLMS ANC systems. The simulations using the proposed nonlinear DMC method are tested on three cases, and the results are compared with the results using nonlinear FXLMS algorithm.
Case 1: both primary path and secondary path are time invariable. The secondary model, H m (z), is estimated using off-line modeling technique as follows:
The NN-based nonlinear FXLMS algorithm for ANC system is computed first. The initial values of adaptive weight matrix W are selected as small random numbers. The step size for updating W is µ = 0.01. This is compared to the DMC algorithm for ANC system with on-line primary path modeling. The parameters used in these algorithms are selected as follows: The truncation order of the secondary path is N = 4, the truncation order of primary path is n = 3, the horizon length is P = 4, the number of control variable moves in the future is M = 2, and weighting matrix is R = 0.06 * I, where I is identical matrix. All the elements of the correcting vector c are chosen as 0.1. The initial value of adaptive weight matrix W is selected as small random numbers. The step size for updating W is µ = 0.125. Figure 5(a) shows the mean square error curves versus the iterations (samples), and Fig. 5(b) shows the simulating results of the canceling errors between 4,000th to 5,000th iterations in the frequency domain. The result of DMC for nonlinear ANC system with on-line primary path modeling is shown in solid thick threads, and the result of NN-based nonlinear FXLMS is shown in solid thin lines. From the results shown in Fig. 5(a) , it can be seen that after 2,000 iterations, the mean square errors of proposed nonlinear DMC method settle on the level of −12 dB, and that of NN-based method settle on the level of −3 dB. The nonlinear DMC method can obtain about 10 dB additional noise decrease compared with the NN-based method. There is a 200 Hz peak in the noise spectrum, which is produced by the square nonlinearity in the primary acoustic path. The NN-based nonlinear ANC system can reduce the 100 Hz noise by 10 dB, but it cannot reduce the 200 Hz tone and the broadband noise. The proposed DMC based nonlinear ANC system can reduce the 100 Hz noise by 15 dB, and can also reduce the 200 Hz noise by 18 dB. The broadband noise can be reduced by about 10 dB. From Fig. 5(a) and (b), one can find that the convergence rates of proposed DMC based method are much faster than that of the NN-based algorithm. The performance of DMC based nonlinear ANC system is superior to that of NN-based ANC system.
Case 2: The secondary path is obtained using off-line modeling technology as in case 1, but the primary path has a sudden change at the 2,000th iteration. The linear part of the primary path's impulse response changes to its opposite value, and nonlinear part remains unchanged.
The step size for updating weight vector W in the DMC based nonlinear ANC system is µ = 0.1. The other parameters are chosen as in case 1. Figure 6 (a) shows the mean square error curves of both DMC and nonlinear FXLMS. The solid thick lines indicate results of proposed nonlinear DMC algorithm, and the solid thin lines indicate result of nonlinear FXLMS algorithm. From the results shown in Fig. 6(a) , it can be seen that after about 300 iterations, the mean square errors of proposed nonlinear DMC method settled to the same level as the errors before the sudden change of primary path. For NN-based nonlinear ANC system, more iterations(about 2000 iterations) are required to settle to the error level before the sudden change of primary path. In addition, the proposed nonlinear DMC method can track the change of the primary path very fast. Figure 6(b) shows the simulation results of the canceling errors between the 4,000th to 5,000th iterations in the frequency domain. Similar to case 1, the NN-based nonlinear ANC system can only cancel the main noise (100 Hz). The DMC based nonlinear ANC system can cancel the main noise (100 Hz), the noise (200 Hz) produced by the square nonlinear in the primary acoustic path, and the broadband noise.
Case 3: The secondary path is obtained using on-line modeling technology. The secondary path experiences sudden change after 2000 iteration, the coefficients of impulse response of the secondary path change to its opposite values, 
The initial values of secondary model, H m (z), is chosen as follows:
The step size for updating the weight vector W of NN is µ = 0.004 in nonlinear FXLMS based ANC system. The step size for updating the weight vector W of NN is µ = 0.1 in nonlinear DMC based ANC system. The other parameters are chosen similar to case 1. Figure 7 (a) and (b) show the mean square error curves and the simulating results of the canceling errors between 4000th to 5000th iterations in the frequency domain. From the results shown in Fig. 7(a) , it can be seen that after about 600 iterations, the mean square errors of proposed nonlinear DMC method settle to about same error level as before the sudden change of secondary path. For NN-based nonlinear ANC system, about 2000 iterations are required to settle on the level as the errors before the sudden change of secondary path. Figure 8 shows the time histories of the signals in the last 50 iterations. The secondary signal is of almost equal amplitude and opposite phase with reference to the primary noise. It can be found that the change of secondary path has more influence on the performance of the nonlinear ANC systems than the change of primary path. The proposed nonlinear DMC method can track the change of the secondary path very fast. But the NN-based ANC system has a long transition times, and the error shot up to about 30 dB during the transition period. In practice, large error would make the data converters and transducers saturate, which in turns saturates the adaptive system [1] . 
Conclusions
The designing of the secondary path is the key step for constructing an active noise control (ANC) system. The time delay and time variable are the inherent characteristics of the secondary path. The model predictive control utilizes explicit identifiable model to predict the responses of the plant, so that the increment of the control can be computed by the predictive errors. The DMC uses the step responses of the plant, which are easily obtained in practice. A modified nonlinear DMC algorithm for the ANC system is proposed in this paper. It can deal with the nonlinear of the primary path, the time delay and time variable of the secondary path. Since the adaptive filter for modeling the secondary path and the NN for modeling the primary path are collaterally arranged, the mutual disturbances between the operation of the nonlinear ANC controller and modeling of the secondary can be greatly reduced. Computer simulations have been presented, which showed that the proposed nonlinear DMC method is very effective to deal with the nonlinearity in the primary path, the time delay and time variable in the secondary path of the ANC system. It can rapidly track the sudden changes in the secondary path and the primary path of the ANC system. In addition, the proposed nonlinear DMC algorithm is robust to the sudden changes in the acoustic paths. The paper does not address the effect of actuator feedback on the reference sensor. The effect must be considered in a practical ANC system when the reference sensor is close to the actuator.
